To investigate the mechanism of reduced exercise tolerance in hyperthyroidism, we characterized cardiovascular function and determinants of skeletal muscle metabolism in 18 healthy subjects aged 26±1 yr (mean±SE) before and after 2 wk of daily ingestion of 100 pg of triiodothyronine (T3). Resting oxygen uptake, heart rate, and cardiac output increased and heart rate and cardiac output at the same submaximal exercise intensity were higher in the hyperthyroid state (P < 0.05). However, maximal oxygen uptake decreased after T3 administration (3.08±0.17 vs. 2.94±0.19 l/min; P < 0.001) despite increased heart rate and cardiac output at maximal exercise (P < 0.05). Plasma lactic acid concentration at an equivalent submaximal exercise intensity was elevated 25% (P < 0.01) and the arteriovenous oxygen difference at maximal effort was reduced (P < 0.05) in the hyperthyroid state. These effects were associated with a 21-37% decline in activities of oxidative (P < 0.001) and glycolytic (P < 0.05) enzymes in skeletal muscle and a 15% decrease in type 11A muscle fiber cross-sectional area (P < 0.05). Lean body mass was reduced (P < 0.001) and the rates of whole body leucine oxidation and protein breakdown were enhanced (P < 0.05). Thus, exercise tolerance is impaired in short duration hyperthyroidism because of decreased skeletal muscle mass and oxidative capacity related to accelerated protein catabolism but cardiac pump function is not reduced. (J. Clin.
Introduction
Hyperthyroidism is associated with impaired exercise tolerance that is widely believed to be due to decreased left ventricular function (1) (2) (3) . However, studies in both man and experimental animals have shown that tachycardia and eccentric cardiac hypertrophy more than compensate for this effect, resulting in elevated cardiac output at rest and during exercise (4) (5) (6) . Thus, it is not clear that the lower exercise capacity associated with thyrotoxicosis is caused by reduced cardiac function. Alternatively, such symptoms may be related to a skeletal myopathy that alters oxidative metabolism even during submaximal work. In this context, we hypothesized that induced hyperthyroidism would decrease exercise capacity in healthy human subjects because of a deleterious effect on skeletal muscle metabolism and that cardiac output would not be reduced during submaximal and maximal exercise. To test this hypothesis, we characterized oxygen uptake, cardiac output, plasma lactic acid, and other metabolic and physiologic responses to submaximal and maximal exercise in human subjects before and after induction of moderate hyperthyroidism. To elucidate the mechanism of altered skeletal muscle metabolism, we quantified muscle oxidative and glycolytic enzyme activities, muscle fiber type composition and cross-sectional area, and estimated whole body protein turnover and body composition in the same individuals in the euthyroid and hyperthyroid states.
Methods
Subjects. 18 subjects (11 men, 7 women) aged 26±1 yr (mean±SE) were studied. All were judged to be healthy on the basis of a normal medical history, physical examination, resting electrocardiogram, and maximal treadmill exercise test. No subjects took regular medications, drank caffeine-containing beverages, or used tobacco on the days of experimental protocols. Two subjects played on a soccer team once a week but the remaining individuals were sedentary and none engaged in strenuous exercise more often than once a week. Subjects were instructed to maintain a similar level ofactivity throughout the investigation. They were studied during three or four separate laboratory visits in the euthyroid state and the same number of visits after they had taken 100 gg oftriiodothyronine (T3)' daily for2 wk. The initial laboratory visit consisted of the medical evaluation, exercise stress test, and measurement of maximal oxygen uptake (V02max) in all subjects during treadmill exercise. On subsequent visits in both the euthyroid and hyperthyroid states, tissue was obtained from the gastrocnemius muscle of 14 subjects by percutaneous biopsy. Both before and after T3 administration, nine individuals underwent measurements of cardiac output at rest and during submaximal and maximal exercise. Six were tested on the treadmill, and the remaining three were studied during cycle ergometer exercise to permit echocardiographic assessments of left ventricular size and function. Eight subjects completed a protocol to characterize the effect of hyperthyroidism on physiologic and metabolic responses to submaximal exercise. Heart rate and blood pressure data and blood samples for analysis of plasma catecholamines, lactic acid, free fatty acids, glycerol, glucose, and potassium were obtained after 30 min of supine rest, 10 min of quiet standing, 15 min of treadmill exercise at 75% V02max, and 5 min postexercise. Changes in body composition and whole body protein metabolism were assessed from measurements of skinfold adiposity and estimates of fat-free mass made in nine subjects and analyses of [I-'3C]leucine turnover made in seven individuals before and after T3 administration. The investigation was approved by the Human Studies Committee of Washington University. All subjects gave voluntary written informed consent for participation in the study.
Exercise capacity. Maximal oxygen uptake (VO2max) was quantified during multistage treadmill exercise to an endpoint of exhaustion. The treadmill protocol was designed from previous stress test data. Oxygen uptake and carbon dioxide production were measured every 30 s during exercise with an automated online system as described previously (7) . Criteria for achievement of maximal exercise consisted of exhaustion ofthe subjects plus two out ofthree of the following end points: leveling off of oxygen uptake despite increasing treadmill work rate, attainment ofage-predicted maximal heart rate, and a respiratory exchange ratio > 1.1. Heart rate at rest and during exercise was calculated from three consecutive sinus beats of the electrocardiogram (ECG). Blood pressure was measured at rest and during exercise using a wall-mounted sphygmomanometer.
Cardiac output. Cardiac output was determined at rest and during submaximal and maximal exercise using the acetylene rebreathing technique as described previously (8, 9) . Two measurements were made after 15 min of seated rest and one during the terminal 15 s of each of two 4-min bouts of submaximal exercise at 50 and 75% VO2max. A final measurement was made in the last 15 s ofa single 3-4-min bout of exercise at maximal effort. Subjects rested 10 min between exercise trials. Oxygen uptake and blood pressure were determined in the minute immediately preceding measurement of cardiac output. Heart rate and cardiac output were determined simultaneously. Stroke volume, arteriovenous oxygen difference, mean blood pressure, and total peripheral resistance were calculated from these data using standard formulae (9) . Two-dimensionally guided M-mode echocardiograms of the left ventricle were obtained in three subjects immediately before measurement ofcardiac output during seated rest and cycle ergometer exercise. Data were acquired in the parasternal short-axis view using a model 77020A Ultrasound Imaging System equipped with a 2. Submaximal exercise protocol. This protocol was conducted in the morning after an overnight fast. After arrival of subjects, electrodes were applied for ECG monitoring, a catheter was inserted into a forearm vein, and a blood pressure cuff was placed on the opposite arm. Subjects then rested in a quiet, darkened room in the supine posture for 30 min. Blood pressure and heart rate were measured and a 10-ml blood sample was drawn for assay of plasma norepinephrine, epinephrine, lactate, glucose, free fatty acids, glycerol, and potassium concentrations. Subjects then assumed the upright posture and stood quietly for 10 min after which heart rate and blood pressure were determined and blood was drawn for measurement of plasma catecholamines. Immediately thereafter, they exercised on the treadmill for 15 min at a work intensity requiring 75% VO2max. Oxygen uptake was verified by respiratory gas analysis throughout the protocol. Simultaneous physiologic data and a 10-ml blood sample were obtained in the final 60 s. Exercise was then discontinued and the same parameters were measured after 5 (12) . Lactate and glycerol were analyzed enzymatically (13, 14) . Glucose was measured using the glucose oxidase method on a glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). Nonesterified plasma free fatty acids were quantified using an enzymatic colorimetric method (Waco Pure Chemical Industries, Ltd., Osaka, Japan). Potassium was determined with an ion-selective electrode via an Ektachem analyzer (Eastman Kodak Co., Rochester, NY).
Skeletal muscle biopsy procedure. Skeletal muscle tissue samples (50-100 mg) were obtained by percutaneous biopsy of the gastrocnemius muscle using the Bergstrom needle technique (7) modified by application of suction to the needle shaft to increase tissue yield (15) .
Blood and connective tissue were removed from excised muscle samples under a dissecting microscope and the tissue was divided into two portions. One portion was frozen quickly in isopentane cooled to its freezing point in liquid nitrogen and stored at -70°for subsequent biochemical analyses. The other portion was mounted in embedding medium (OCT), frozen as described above, and stored for later histochemical analysis of muscle fiber type and cross-sectional area.
Histochemical analysis. Frozen OCT-mounted samples of muscle from the same subject in the euthyroid and hyperthyroid states were placed side-by-side in a cryomicrotome and cut simultaneously into cross-sections 12 gm in thickness. Both sections were applied to the same coverslip for delineation of skeletal muscle fiber type composition by histochemical staining for myofibrillar ATPase activity after preincubation in buffer at pH 4.55 as described by Dubowitz et al. (16 Behnke and Wilmore (24) . Percent body fat was estimated from the sum of these measurements (25) . Fat-free mass (FFM) was calculated as FFM = total body weight/ 100 X (100 -% fat).
Statistics. The effect of hyperthyroidism on exercise capacity and other physiologic measurements was evaluated by analysis of variance or Student's t tests for paired observations. Statistical differences were considered significant at P < 0.05. Data are expressed as means±SE.
Results
Biochemical and physiologic manifestations of hyperthyroidism. Daily administration of 100 gg of T3 for 2 wk produced laboratory and physiologic evidence ofmoderate hyperthyroidism. Plasma T3 levels increased 350% (121±6 to 543±66 ng/dl) and thyroid stimulating hormone decreased from 1.5±0.2 sU/ ml initially to undetectable levels in 13 subjects and to 0.3±0. 1 ,uU/ml in the remaining five individuals (P < 0.001). A fall in plasma thyroxine concentration occurred in all seven subjects in whom it was measured (7.6±0.7 to 2.7±0.4 gg/dl; P < 0.001). Supine resting heart rate increased (59±2 vs. 72±3 beats/min; P < 0.005) and subjects tended to lose weight (76.1±4.0 to 75.1±4.0 kg; P < 0.06). Nine participants had no somatic complaints during the course of the protocol and 15 were unaware ofany alteration in food consumption. Two men experienced slight insomnia for several days after beginning T3 ingestion and one male subject reported increased appetite and food consumption but only gained 0.3 kg ofweight. Six individuals (two men, four women) complained of headaches which resolved in four instances within 3-4 d ofcontinued T3 administration. The two remaining subjects (both women) were the only participants to experience nausea and anorexia but their symptoms were mild and accompanied by weight loss that was similar to that of the other subjects (1-1.5 kg). There were no adverse cardiovascular effects of the study.
Exercise capacity. Maximal oxygen uptake during treadmill exercise decreased by 5% in the hyperthyroid state (3.08±0.17 to 2.94±0.19 /min; P < 0.001). This effect occurred despite a higher heart rate (195±2 vs. 203±3 beats/min; P < 0.001) and respiratory exchange ratio (1.12±0.02 vs. 1.18±0.02; P = 0.05) during maximal exercise after T3 administration. Treadmill time for the same exercise protocol was 10% shorter when subjects were hyperthyroid (7.39±0.31 vs. 6.68±0.37 min; P = 0.01). Minute ventilation at maximal effort did not change (100.0±5.3 vs. 97.9±5.3 liters/min; NS).
Cardiac output. Cardiac output during seated rest increased by 23% in the hyperthyroid state (5.2±0.7 vs. 6.4±0.7; P < 0.001) because of a faster heart rate (73±5 vs. 86±6 beats/ min; P < 0.001); stroke volume did not change (76±13 vs. 80±11 ml; NS). Oxygen uptake was also higher (0.35±0.01 vs.
0.38±0.01 1/min; P < 0.05) but the arteriovenous oxygen difference and blood pressure during seated rest were not significantly different in the euthyroid and hyperthyroid states. Resting total peripheral resistance was 24% lower during T3 administration (1,472±180 vs. 1,124±103 dyn . s*cm-5; P < 0.001).
Hyperthyroidism augmented cardiac output during both submaximal and maximal exercise (P < 0.01). The increase ranged from 6 to 9% and was significant at both 75 and 100% of maximal effort (Fig. 1 A) . The elevated cardiac output was entirely due to a faster heart rate ( Fig. 1 B) ; stroke volume was not different in the euthyroid and hyperthyroid states at any level of exercise. The arteriovenous oxygen difference during submaximal exercise was not altered by hyperthyroidism but was lower at maximal effort during T3 administration (Fig. 1   C) (Table I ). There was no evidence that this effect was related to a shortage of other plasma metabolic substrates such as free fatty acids or glucose, both ofwhich were similar during exercise before and after T3 administration (Table I). Plasma potassium and the respiratory exchange ratio were also unaltered. However, minute ventilation was greater (59.8±4.1 vs. 67.9±6.2 1/min; P < 0.005) and systolic blood pressure higher (Fig. 2 A) Epinephrine rose -20% and norepinephrine increased 170% with upright posture on both evaluations (all P < 0.001).
Skeletal muscle fiber type and fiber cross-sectional area.
Muscle fiber type composition was determined in 333±24 contiguous fibers per biopsy in the euthyroid state and 346±23 fibers after T3 administration. Hyperthyroidism did not significantly alter muscle fiber type composition (Table II) . However, type IIA fibers became smaller (Table II) providing evidence for selective muscle fiber atrophy even after only 2 wk of T3 administration. Skeletal muscle enzyme activities. The most striking effect of2 wk ofhyperthyroidism on skeletal muscle was on the activities of oxidative enzymes (Fig. 3) . A highly significant decrease in activities of these enzymes was observed, regardless of whether they were involved in fatty acid or carbohydrate metabolism. The decline ranged from 26% for fl-hydroxyacyl CoA dehydrogenase, a component of the fatty acid oxidation pathway, to 37% for citrate synthase (P < 0.001), which catalyzes the first step in the tricarboxylic acid cycle. The activities of glycolytic enzymes also were reduced. Activity ofphosphofructokinase, the major regulatory enzyme for glycolysis fell 26%, and that of lactate dehydrogenase declined 21%.
Body composition andprotein metabolism. Administration ofT3 did not elicit a change in percent body fat, estimated from measurements of skinfold thickness (17.3±1.2 vs. 17.8±1.3%; NS). However, hyperthyroidism was accompanied by a significant decrease in fat-free mass (66.2±5.3 vs. 64.4±5.3 kg; P < 0.001). Nevertheless, weight loss occurred during the first few days ofT3 administration and body weight remained stable (86.4±2.8 vs. 86.5±2.8 kg; NS) for the time interval during which protein turnover studies were performed in the hyperthyroid state. Protein turnover data demonstrated that the T3-induced decrease in fat-free mass, skeletal muscle enzyme activities, and fiber cross-sectional area was associated with enhanced protein breakdown and leucine oxidation rates (Table  III) . These findings provide evidence that hyperthyroidism accelerates the rates of protein breakdown (+ 12%) and amino acid oxidation (+24%) in excess of a small increase in the rate ofprotein synthesis (+9%), thereby resulting in net protein loss. (3OAC, fl-hydroxyacyl CoA dehydrogenase; MDH, malate dehydrogenase; CS, citrate synthase; PFK, phosphofructokinase; LDH, lactate dehydrogenase. Data are means±SE for six men and seven women. *P < 0.05; ***P < 0.001 vs. euthyroid.
Discussion
In this investigation 2 wk of T3-induced hyperthyroidism resulted in diminished exercise capacity despite increased heart rate and cardiac output during maximal and submaximal work. Manifestations of lower exercise capacity were evident during both maximal and submaximal effort and included decreased maximal oxygen uptake and a higher plasma lactic acid concentration at the same submaximal oxygen uptake. The reduced arteriovenous oxygen difference at maximal effort, decreased skeletal muscle oxidative capacity and fiber cross-sectional area, and enhanced rate of whole body protein breakdown in the presence of higher cardiac output are consistent with the interpretation that a peripheral mechanism was responsible for diminished exercise capacity in the hyperthyroid state.
Maximal oxygen uptake is the greatest attainable product of cardiac output and arteriovenous oxygen difference during relatively brief incremental exercise to exhaustion (27) . Thus, exercise capacity is determined by both central and peripheral cardiovascular and metabolic factors. Maximal cardiac output is the highest product ofheart rate and stroke volume, the latter being partly but not completely dependent on the left ventricular ejection fraction (28). Results of several recent investigations have attributed the impaired exercise capacity of human hyperthyroidism to a relatively modest decrease in left ventricular ejection fraction (1-3). However, it is difficult to reconcile these reports with evidence from both experimental animals (29) and were conducted during supine exercise which elicits a lower peak heart rate and different hemodynamic responses than upright work (30) . In contrast, our data were obtained during upright exercise and included measurements of cardiac output at an exercise heart rate and respiratory exchange ratio of 200 beats/min and 1.15, respectively, coincident with exhaustion of the subjects. Although we did not assess left ventricular ejection fraction under these conditions, cardiac stroke volume was similar in the euthyroid and hyperthyroid states. Our data indicate that higher exercise cardiac output was related to a faster heart rate rather than increased stroke volume. These findings do not exclude reduced left ventricular ejection fraction but suggest that it does not explain the decreased exercise capacity in short duration human hyperthyroidism.
Several lines ofevidence provide independent support for a peripheral mechanism ofdecreased exercise capacity in the hyperthyroid state. Plasma lactic acid concentration was increased during submaximal work at the same metabolic rate in conjunction with a reduction of the arteriovenous oxygen difference at maximal effort. In the context of higher cardiac output, unchanged hematocrit, and lower total peripheral resistance, these data suggest that oxidative metabolism was decreased and/or the rate of glycolysis was accelerated in exercising skeletal muscle. Quantification of oxidative enzyme activities in skeletal muscle biopsies yielded direct biochemical evidence of a decline in muscle oxidative capacity after T3 administration. Activities of enzymes required for oxidative metabolism of both carbohydrates and fatty acids were reduced. The 26-37% decrement in muscle oxidative capacity was equivalent in magnitude to that observed in an earlier study ofhighly trained athletes after several weeks of markedly reduced physical activity (31) . In the latter investigation, the correlation between decreased muscle oxidative capacity and increased plasma lactate during submaximal exercise was > 0.90. Thus, the fall in muscle oxidative capacity likely played an important role in mediating the greater increase in plasma lactic acid concentration during exercise after T3 administration.
Several major differences between effects ofdeconditioning and hyperthyroidism indicate that alterations induced by T3 administration were probably not a result ofdecreased physical activity. Cardiac stroke volume decreases and plasma catecholamines during exercise increase with deconditioning (1 1, 30, 31) but no change in either of these measurements was observed in the current investigation. A previous study in our laboratory demonstrated that skeletal muscle phosphofructokinase activity is not altered and lactate dehydrogenase activity increases (31) with deconditioning but activities of both enzymes declined after T3 administration. Finally, the respiratory exchange ratio during submaximal exercise increases with deconditioning indicating a shift in favor of carbohydrate fuel sources that was not observed in the current study of hyperthyroidism. Thus, a variety of discrepancies between effects of T3 administration and deconditioning suggest that our results cannot be explained by decreased physical activity.
Because several days of excess thyroid hormone treatment are well known to increase resting metabolic rate, mitochondrial mass, and skeletal muscle oxidative capacity in some species ofexperimental animals (32-34), we were surprised by the highly significant decrease in oxidative capacity ofhuman skeletal muscle after T3 administration. However, in experimental animals, the effect ofthyroid hormones on mitochondrial mass and enzyme activities varies greatly among different species and tissues (33) and even among separate fiber types of skeletal muscle tissue (35). Only a slight or no increase in oxidative capacity occurred in fast-twitch glycolytic rat hindquarter muscles despite a two-to threefold rise in oxidative activity ofneighboring slow-twitch muscles. Larger doses ofthyroid hormones than were administered in the present study were given to elicit these effects (35). There was little or no rise in muscle oxidative capacity in guinea pigs and a decrease in rabbits after excess thyroid hormone administration (33) . The very limited information available in man was obtained in small cross-sectional comparisons of hyperthyroid and euthyroid human subjects (36, 37) . These studies reported conflicting results. However, the absence of a greater skeletal muscle oxidative capacity in thyrotoxic patients is consistent with findings of the present longitudinal investigation. Clinical symptoms of poor exercise tolerance in hyperthyroid human subjects are explainable on the basis of decreased rather than increased skeletal muscle oxidative capacity.
Measurements of body composition, whole body protein turnover, and muscle fiber cross-sectional area using independent techniques indicated that the decline in skeletal muscle oxidative capacity in the hyperthyroid state was likely to be related to accelerated protein catabolism. The tendency for subjects to lose weight after T3 administration was entirely explained by a decrease in fat-free mass, -40% ofwhich is comprised ofskeletal muscle. Rates of leucine oxidation and whole body protein breakdown were both enhanced indicating that protein catabolism occurred in the hyperthyroid state. Similar findings have been reported by other investigators (38) . In the current study, the cross-sectional area oftype IIA muscle fibers was smaller after T3 administration providing additional evidence that skeletal muscle is a site ofaugmented protein catabolism in the hyperthyroid state.
The T3 administration protocol used in this investigation resulted in mild to moderate hyperthyroidism of relatively brief duration. It can be argued that the decrease in exercise capacity was modest and therefore the effects of this protocol are not characteristic of those occurring with spontaneous hyperthyroidism. However, plasma T3 and TSH levels in the hyperthyroid state were very similar to those reported in studies of spontaneous hyperthyroidism (1-4, 36, 37 ). Characteristic manifestations of T3 excess included elevations of heart rate, cardiac output, resting oxygen uptake, and decreased total peripheral resistance. Subjects in this investigation were young and healthy, whereas in previous studies ofspontaneous hyperthyroidism they were often older and may have had occult cardiovascular disease or other common chronic illnesses which could have introduced confounding effects. Although we do not discount the fact that a longer duration ofhyperthyroidism may result in more severe impairments of exercise capacity, cardiac function, or skeletal muscle metabolism, our findings are consistent with known clinical sequelae of hyperthyroidism as well as with the increased resting and exercise cardiac output reported in thyrotoxic experimental animals and man (4) (5) (6) and elevated plasma lactic acid concentrations during submaximal exercise in patients with spontaneous hyperthyroidism (37). Our data confirm these observations in healthy subjects under more stringent experimental conditions and provide a more complete biochemical and physiologic basis for exercise intolerance in human hyperthyroidism.
In summary, we have demonstrated that maximal and submaximal exercise capacity are decreased in human subjects after 2 wk of excess T3 administration that resulted in elevated resting and exercise cardiac output. Lower maximal oxygen uptake, reduced arteriovenous oxygen difference at maximal effort, and higher plasma lactic acid concentration during submaximal exercise were explained by a 26-37% decrease in skeletal muscle oxidative capacity. Hyperthyroidism also elicited a decrease in lean body mass, increases in whole body leucine oxidation and protein breakdown rates, and a reduction in type 11A skeletal muscle fiber cross-sectional area. These data suggest that impaired exercise capacity of hyperthyroidism is not caused by left ventricular dysfunction but is related to decreased skeletal muscle oxidative capacity that may be a consequence of skeletal muscle atrophy and accelerated protein catabolism.
